The mean field description of nuclear matter in the quark-meson coupling model is improved by the inclusion of exchange contributions (Fock terms). The inclusion of Fock terms allows us to explore the momentum dependence of meson-nucleon vertices and the role of pionic degrees of freedom in matter. It is found that the Fock terms maintain the previous predictions of the model for the in-medium properties of the nucleon and for the nuclear incompressibility. The Fock terms significantly increase the absolute values of the single-particle, four-component scalar and vector potentials, a feature that is relevant for the spin-orbit splitting in finite nuclei.
Introduction
The quark-meson coupling (QMC) model [1] provides a simple extension of relativistic many-body models based on point-like hadrons, such as quantum hadrodynamics (QHD) [2] , to include the explicit quark structure of the hadrons. Although both QMC and QHD and their variations share many common features, there exist prominent differences. Perhaps the most striking one is the mechanism through which the effective masses of the light vector mesons (ρ, ω and φ) decrease in medium. While in QMC the decrease results from an increase in the lower component of the Dirac spinor of the quarks in the mesons [3] , in QHD the decrease is driven by the vacuum polarization in medium [4] . Modern versions of QHD, based on the ideas of effective field theory incorporate vacuum polarization effects implicitly through phenomenological effective couplings [5] . However, one can obtain either an increase or a decrease of the masses of the vector mesons when different sets of effective couplings are used -even though they fit ground-state observables of nuclei equally well.
The QMC model has been applied to a great variety of problems in nuclear physics using the mean field approximation [6] . In this paper we extend the model to include the exchange, or Fock terms, which are required by the Pauli exclusion principle. As in previous applications of QMC, we consider nuclear matter as a system of non-overlapping bags and effects due to quark-exchange between different bags [7] are neglected. Thus the Pauli principle is enforced at the nucleon level. It is important to consider Fock terms not only as a matter of principle, but also because it is only through them that the momentum dependence of the meson-nucleon vertices can be explored. As we know, for example, from the work of Bouyssy et al. [8] within QHD, the momentum dependence of the exchange contributions from the isovector mesons (π and ρ) is essential to explain the magnitude and the systematic behaviour with N and Z of the spin-orbit splittings in finite nuclei.
In the next section we formulate the QMC model in the language of an effective mesonnucleon Hamiltonian following the ideas of the Cloudy Bag Model (CBM) [9] . In Section 3 we obtain the expressions for the nuclear matter energy density and of the single-particle Fock potential. The numerical results are presented and discussed in Section 4. In Section 5 we present our conclusions and discuss perspectives for future calculations.
Effective meson-nucleon Hamiltonian
The Lagrangian density of the model is
where L MIT is the Lagrangian density of the MIT Bag Model,
θ V is one inside the bag and zero outside, δ S is a delta function on the bag surface,
The σ and ω µ field operators have constant expectation values in symmetric nuclear matter, while b µ field has a nonzero expectation value only in asymmetric nuclear matter, and the π field has zero expectation value in both symmetric and asymmetric matter, because of parity considerations. We then separate from the meson field operators their mean field values and treat the fluctuations in time-ordered perturbation theory. More specifically, we begin by solving the single-nucleon problem in the presence of the constant mean-fields. Then we project the quark-meson Hamiltonian, obtained from the fluctuating meson fields coupled to the quarks, onto the space of the single-nucleon states in the presence of the constant mean meson fields. The resulting Hamiltonian is similar to the usual CBM Hamiltonian, with the difference that the effective meson-nucleon vertices in the present case are evaluated with density dependent wave functions. In this approach exchange effects from quarks in different nucleons are not taken into account.
Let σ 0 , ω 0 and b 0 denote the meson mean fields. Let B † λ (p) and B λ (p) denote the creation and annihilation operators for single-nucleon states with spin-isospin λ and momentum p in the presence of the mean fields. That is, the operator B † λ (p) creates the state
which has energy ε(p, λ) = E * (p) + 3g q ω ω 0 +
with E * (p) = √ p 2 + M * 2 . In the present paper we adopt the nonrelativistic normalization,
The effective nucleon mass, M * , is obtained by solving the MIT bag equations in the presence of the mean fields. It is given explicitly by [10] 
where we have taken equal up and down quark masses, z 0 is the parameter that takes into account zero-point and c.m. motion and
with
Here, x * is the solution of the transcendental equation resulting from the linear (confining) boundary condition at the bag surface:
where j 0 and and j 1 are spherical Bessel functions. The in-medium radius, R * , is obtained by minimizing M * with respect to R * .
The next step is to project the quark-meson Hamiltonian, obtained from the Lagrangian density given in Eq. (1), onto the single-nucleon states of Eq. (3). The resulting effective meson-nucleon Hamiltonian can be written as
where H MMF is the Hamiltonian of the meson mean fields,
H 0 is the sum of the single-nucleon and single-meson Hamiltonians, and W is the mesonnucleon interaction. Specifically, H 0 is the sum
where ε(p, λ) is given in Eq. (4), ω j (k) = (k 2 + m 2 j ) 1/2 , and a † j (k) and a j (k) are the meson creation and annihilation operators. The meson-nucleon interaction, W , can be written as
where the vertices W j λ ′ λ (p ′ , p) are of the general form
Here k = (E * (p ′ ) − E * (p), p ′ − p), and the polarization vectors ǫ µ (k) satisfy
The next step requires evaluation of the matrix elements W j λ ′ λ (p ′ , p). For free-space nucleon states, matrix elements of this sort have been calculated in the MIT bag model in a variety of approximations. In the present case, the situation is more complicated because the states |p, λ have their mass-shell modified in medium. Not only is the nucleon mass modified from its free-space value, M, to M * , but the relation between energy and momentum is also modified by the mean vector fields, as can be seen in Eq. (4). These modifications are, of course, the interesting aspect of the QMC model as they will introduce a density dependence into the form factors. In order not to complicate the problem too much, in this initial study we adopt a simple approach. First, we parametrize the various matrix elements W j λ ′ λ (p ′ , p) as in free space, namely
The Dirac spinors, u(p, λ), are given by
where χ s and ξ t are the Pauli spinors for spin and isospin, and E * (p) = √ p 2 + M * 2 . Next, we calculate the various form factors in the usual way, using, however, the bag model wavefunctions modified by the mean fields. In calculating the form factors we ignore center-ofmass and recoil corrections, as well as effects due to Lorentz contraction when going to the Breit frame [11] . Both approximations can be improved by using the technique recently developed in Ref. [12] , but no qualitative changes with respect to their density dependence are expected in using the present approximations. We note that in Eq. (23) we have not included the induced pseudoscalar form factor; we intend to investigate its effect on nuclear matter properties when using a chiral model, such as the CBM.
Let the single-quark wave functions in the presence of the mean fields be written as
where φ(r) contains the spin-isospin wave functions. In calculating the vector meson form factors, we follow the standard procedure of relating the Dirac form factors F 1 and F 2 to the Sachs form factors, G E and G M , as
The various form factors in Eqs. (21) -(24) are given by:
G
Note that G E and G M (without meson indices) are the usual, electromagnetic Sachs form factors.
3. Nuclear matter energy and the Fock potential.
The energy density of symmetric nuclear matter (in which case the mean field b 0 does not contribute) is given by the sum of the mean-field energies and the Fock energy,
where ρ N is the nucleon density and the Fock energies E j Fock , j = σ, ω, π, ρ are the secondorder exchange contributions
(34)
Using Eqs. (21)-(24) in the expression for the Fock energy density, Eq. (34), we can rewrite it as
with the "Fock potential", U j Fock (p), or the exchange nucleon self-energy given by
where the four-momentum k is given as before. The potential U j Fock (p) for each meson has the Dirac structure,
The explicit forms of the potentials are easily obtained by making use of Eqs. (21)-(24) and will be given in a separate publication.
The final step is to determine the scalar mean field, σ 0 , which satisfies the self-consistency equation
where
The mean vector field, ω 0 , is given in terms of the baryon density, as usual.
Numerical results
Before presenting the numerical results, we discuss some technical points. As is well known, the sharp surface of the bag induces oscillations in the form factors at large momenta.
The process of removing spurious centre of mass motion and projecting onto a definite momentum tends to smooth this, but it is extremely time consuming. In order to avoid this time consuming calculation in this first investigation, we have chosen to parametrize the quark wave functions in terms of smooth functions -following Ref. [13] we use a gaussian form with two parameters (R 0 and β). These are adjusted to reproduce the r.m.s. radius and the quark scalar density of the nucleon calculated with the original MIT bag wave functions.
Note that R 0 and β are density dependent.
We also observe that when c.m. corrections and the meson cloud are neglected in the calculation of form factors, some physical quantities such as g A and the magnetic moments are not well reproduced within the model. For example, g A = G A (0) ∼ 1.09 for the "bare" bag without c.m. corrections, whereas the experimental value is g A = 1.267 [15] . The magnetic moments are given in the tensor couplings of the ω and ρ,
Pionic corrections are known [14] to be very important for these quantities. For the nuclear matter calculation, the main effect of neglecting these is to underestimate the tensor coupling of the ρ to the nucleon, κ V (κ S is a small quantity and does not play a big role for the binding energy of nuclear matter). Therefore, in order to obtain a more realistic estimate of the contribution of the tensor coupling of the ρ we adjust κ V = µ p − µ n − 1 to its experimental value. We also adjust G A (0) to the experimental value of g A . As we said above, the important aspect for our calculation is the density dependence of the form factors, and we do not expect qualitative changes in a more complete calculation.
We begin by investigating the effect of adding the Fock energy to the mean field energy (Hartree) per nucleon. We use the σ and ω coupling constants of the Hartree approximation For a free bag radius of 0.8 fm they are given [10] by g 2 σ /4π = 5.40 and g 2 ω /4π = 5.31, where g σ is defined in Eq. (39) and g ω = 3g q ω . We consider first the Fock terms associated with just the σ and ω. In Figure 1 we show the results. The effect of the Fock terms is repulsive and of the order of 5 MeV.
In Figure 2 we study the effect of coupling the pion. The pion gives a repulsive contribution of the order of 8 MeV. Here, as in QHD, we have the situation that the effective NN interaction due to pion exchange contains a short-range contact interaction. There have been arguments that contact interactions should not be taken into account, since they are suppressed by short-range NN correlations [8] . However, there is no unambiguous way to subtract such short range pieces from a relativistic interaction. We approach the problem by making a static approximation and expanding the nucleon energies in the spinors as E * (p) = M * + p 2 /2M * . The contact interaction then becomes evident and can easily be subtracted. The change in the binding energy due to the static approximation is extremely small and is not drawn separately in Figure 2 . With the contact interaction subtracted, the contribution of the pion becomes attractive (dotted line), and is of the order of 5 MeV.
The ρ also gives a repulsive contribution. Because of the large value of κ V , the tensor term gives by far the most important contribution. As in the case of the pion, the tensor component contains a contact term. We proceed as previously, make a static approximation and subtract the contact term. The energy per particle is insensitive to the static approximation. For g ρ (= g q ρ ) we use the preferred phenomenological value g ρ = 2 √ 4π × 0.55 and readjust the σ and ω coupling constants such as to refit E/A − M = −15.7 MeV at
The new values of the coupling constants for a quark mass of m q = 5 MeV and for three different values for the free bag radius, 0.6 fm, 0.8 fm and 1.0 fm are presented in Table I . The values of the ratios of in-medium to free nucleon masses, M * /M, and r.m.s. radii, r * /r, at the saturation density are also shown in Table I . In the last two columns of the table we present the values for the nuclear matter incompressibility and symmetry energy.
To calculate the contribution from the Fock terms to the symmetry energy we have used the approximation of Bouyssy et. al, discussed on page 387 of Ref. [8] . Different values for the quark mass between 0 and 10 MeV do not change the qualitative results. Table I reveals as is well known. Our value for g ρ , which has not been adjusted to the symmetry energy, predicts a 4 ∼ 30 MeV, independently of the free bag radius. The experimental value is close to 33 MeV. The contribution of the Fock terms is substantial, of the order of 10 MeV. In Figure 3 we plot the binding energy as a function of k F corresponding to parameter set (b)
Inspection of
in Table I . For comparison, we also present the Hartree solution in the same figure.
Next we discuss the Fock potentials. It is convenient to introduce the sums V s = − g σ σ 0 + U s and V 0 = g ω ω 0 + U 0 , which are the combinations that will appear in the single-nucleon Dirac equation. The momentum dependence of the components V s , V 0 and U v at the saturation density are shown in Figure 4 . The separate contributions of the different mesons to these are shown in Table II , for the three parameter sets of Table I . The addition of the Fock terms increases both the U s and U 0 components, and the component U v is very small, for all three sets of parameters. For parameter set (b) of Table I , we find that |V s | + |V 0 | at |p| = k F has increased by 67 MeV, in comparison with the value in the Hartree approximation. Such an increase will have important consequences for the spinorbit splittings in finite nuclei. However, a quantitative estimate of such effects for finite nuclei requires a dedicated calculation, which is complicated by the non-locality of the Fock interaction. We leave this for a future study.
We have also investigated the role of the medium dependence of the form factors on the saturation properties of nuclear matter. As we mentioned previously, the self consistent change of the internal structure of the nucleon with the nuclear medium properties is the attractive new aspect of the QMC model, and it is important to know the role of such effects on our results. In order to test these effects, we re-evaluated the Fock terms using the quark wave functions, and this difference is strongly density dependent; the difference decreases as the density increases. This density dependence is at the heart of the saturation mechanism in the QMC model, and here, this effect is very visible.
Conclusions and perspectives
In this paper we have developed a calculational scheme to introduce Fock (exchange) terms in the QMC model. Following the ideas of the Cloudy Bag Model, we have constructed an effective meson-nucleon Hamiltonian which naturally incorporates momentumand density-dependent vertices. We found that the mean-field predictions of the QMC model for the in-medium properties of the nucleons are maintained with the incorporation of the Fock terms. The nuclear matter incompressibility remains low as in the mean field approximation. Without adjusting the coupling constant of the ρ meson, the symmetry energy is predicted to be very close to its experimental value. The Fock terms increase the value of the four-component, single-nucleon scalar and vector potentials, which is a welcome feature for the phenomenology of the level splitting in finite nuclei.
The formulation of the present model can be extended in several ways. We intend to incorporate the effects of chiral symmetry and the ∆(1232). As with nucleons in free space, we expect the Cloudy Bag Model to provide insight on the role of chiral symmetry on inmedium nucleon and nuclear matter properties. The present formulation of the QMC model seems to be particularly convenient for the implementation of the coupled cluster method for studying nucleon correlations in matter [9] . TABLES TABLE I. σ and ω coupling constants of the HARTREE-FOCK approximation, for three different free bag radii. Also shown are the ratios of the in-medium to free-space nucleon masses and r.m.s. radii at the saturation density ρ 0 = 0.15 fm −3 , and the nuclear matter incompressibility K and symmetry energy a 4 . The quarks mass is m q = 5 MeV in all cases. 
